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The basic helix-loop-helix (bHLH) factor Xath5 promotes retinal ganglion cell differentiation when overexpressed and may
do so by regulating the expression of factors involved in the differentiation of these cells. Potential candidates include the
Brn3 POU-homeodomain transcription factors, which have been implicated in retinal ganglion cell development. Here we
have identified a new member of the Brn3 gene subfamily in Xenopus, XBrn3d. In situ hybridization analysis shows XBrn3d
xpression in developing sensory neurons and developing ganglion cells of the retina. Using a hormone-inducible Xath5
usion protein, we have shown that in animal caps Xath5 can directly regulate the expression of XBrn3d. Since XBrn3d is
lso expressed in sensory populations where Xath5 is not expressed, we examined the regulation of XBrn3d expression by
he bHLH factor XNeuroD. A XNeuroD–hGR fusion protein is similarly able to directly induce the expression of XBrn3d
n animal caps. In addition, overexpression of XBrn3d by RNA injection promotes the expression of ectopic sensory
euronal markers in the lateral ectoderm, suggesting a role in regulating neuronal development. Therefore, Xath5 and
NeuroD can directly regulate the expression of a neuronal subtype-specific factor, providing a link between neuronal
ifferentiation and cell fate specification. © 2001 Academic Press
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A central question in nervous system development con-
cerns the mechanisms by which a wide range of neuronal
cell types are generated from a common pool of progenitors.
Transcription factors which function as intrinsic regulators
of differentiation in the developing nervous system play an
important role in this process (Edlund and Jessell, 1999). In
some cases, transcription factors have been shown to par-
ticipate in genetic cascades to regulate the determination of
specific cell types. For example, in the development of
noradrenergic neurons, Mash1 regulates the expression of
Phox2a, which is in turn necessary for the expression of
dopamine b-hydroxylase (Hirsch et al., 1998). However,
uring much of nervous system development, the func-
ional interactions within these cascades are poorly under-
tood. Here we address this issue in the vertebrate neural
etina, a tissue in which multipotent progenitors give rise
1 To whom correspondence should be addressed. Fax: 1-801-581-
r4233. E-mail: Monica.Vetter@hsc.utah.edu.
0012-1606/01 $35.00
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All rights of reproduction in any form reserved.o six major neuronal cell types. Studies have shown that
here is sequential expression of multiple transcription
actors throughout retinal development (Perron et al.,
998). The functional relationships between these tran-
cription factors during cell fate determination in the de-
eloping retina are largely unknown.
Members of the basic helix-loop-helix (bHLH) family of
ranscription factors are intimately involved in the deter-
ination and differentiation of cells in a wide range of
issues, including muscle, blood, and neural cells. Of the
HLH factors expressed in the vertebrate retina, some have
een shown to positively regulate the differentiation of
etinal precursors. For example, Xath5, a Xenopus homo-
ogue of Drosophila atonal, is expressed in the retina as the
rst precursors are born but is quickly downregulated prior
o differentiation of mature retinal neurons. Overexpres-
ion of Xath5 in retinal precursors biases retinal cells to
dopt the retinal ganglion cell fate (Kanekar et al., 1997). In
ontrast, overexpression of NeuroD, a related bHLH factor,
oes not promote retinal ganglion cell differentiation, but
ather promotes the formation of later-born cell types such
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328 Hutcheson and Vetteras amacrine cells in Xenopus and mouse (Kanekar et al.,
1997; Morrow et al., 1999) or photoreceptor cells in chick
(Yan and Wang, 1998). In addition, in a NeuroD knockout
mouse there is reduced representation of amacrine cells
with an increase in bipolar cells (Morrow et al., 1999).
These results suggest that bHLH factors can influence
retinal neuron differentiation; however, how they partici-
pate in the acquisition of specific neuronal phenotypes is
still an open question.
In the developing retina, it is unclear whether bHLH
factors couple to genes that regulate the acquisition of
specific neuronal phenotypes. Since overexpression of
Xath5 promotes the generation of retinal ganglion cells, we
hypothesized that it may regulate genes involved in the
differentiation of these cells. The Brn3 class-IV POU sub-
family genes (Brn3a, Brn3b, and Brn3c; Gerrero et al., 1993;
Turner et al., 1994; Xiang et al., 1993) are involved in the
ifferentiation of a wide range of sensory neurons and are
xpressed in retinal ganglion cells. Overexpression of sev-
ral Brn3 genes in dissociated chick retinal precursors is
ufficient to induce the expression of several retinal gan-
lion cell markers (Liu et al., 2000). In the developing
ouse retina, loss of Brn3b expression leads to the loss of
pproximately 70% of all retinal ganglion cells (Erkman et
l., 1996; Gan et al., 1996). Furthermore, in Brn3b knockout
ice, it has been shown that ganglion cells are born and
igrate to the correct layer, but are unable to complete
heir program of differentiation and undergo apoptosis (Gan
t al., 1999; Xiang, 1998), indicating a role in the terminal
ifferentiation or survival of retinal ganglion cells.
To examine potential interactions between bHLH factors
nd Brn3 factors, we identified a new member of the
enopus Brn3 subfamily, called XBrn3d. Expression of this
ene is tightly restricted to the developing CNS. In the eye,
xpression begins early in retinogenesis and is restricted to
he developing retinal ganglion cell layer. To examine
otential regulation of XBrn3d by Xath5, we have generated
protein fusion between Xath5 and the ligand-binding
omain of the human glucocorticoid receptor (hGR) and
hown that the activity of Xath5-hGR can be tightly regu-
ated by hormone. Activation of Xath5-hGR in isolated
nimal cap tissue causes a direct activation of XBrn3d
xpression. Since XBrn3d is also expressed in sensory tis-
ues outside the retina, we examined regulation of XBrn3d
xpression by XNeuroD. A XNeuroD–hGR fusion protein
ould also directly activate XBrn3d expression in animal
aps. Finally, overexpression of XBrn3d by RNA injection
esulted in ectopic expression of neuronal markers by stage
8, suggesting a role for XBrn3d in regulating neuronal
ifferentiation. Our results suggest that the bHLH genes
ath5 and XNeuroD are directly coupled to, and can acti-
ate the expression of genes that are necessary for, sensory
euron differentiation. Thus, regulation of cell type specific
ranscription factors may represent a key mechanism by
hich bHLH factors influence the generation of specific
euronal cell types.
Copyright © 2001 by Academic Press. All rightMATERIALS AND METHODS
Molecular Cloning of XBrn3d cDNA
Based upon an alignment of mouse Brn3a, Brn3b, and Brn3c,
degenerate primer sets were designed for nested PCR using the
CODEHOP program (HTTP://blocks.fhcrc.org/codehop.html). The
primers 59-GCCGAGGCCCTGGCIGCIGTIGA-39 and 59-GCA-
AAGTAAGCTTCCAGAGATCTCTT(C/T)TCGGGGGC-39 were
sed in the primary round of amplification, while 59-CCG-
CGCCACCTACCA(C/T)ACIATGAA-39 and 59-CTCTGTGAG-
ATTTTTCAGCTTCTTCIA(A/G)CCAIGC-39 were used for the
nested round of PCR. A stage 42 Xenopus cDNA library (a gift from
M. King) and a 37°C annealing temperature were used to amplify a
498-bp fragment which was cloned into a TA cloning vector
(Invitrogen).
Using the Clontech Marathon cDNA amplification kit, 39 and 59
RACE reactions were run using primers designed from the newly
isolated gene fragment. The 39 RACE used a heminested approach
in which two sense strand primers designed from the 498-bp
fragment of XBrn3d, 59-TAACCACATGGCCCACCACAC-39 and
59-CTGAAAGTGAAACAGACCCCAGAG-39, were used to am-
plify the entire 39 sequence through the poly(A) tail. Similarly, a 59
RACE was run with two antisense primers, 59-ATGTGGAT-
GGGAGGGTGTTGATC-39 and 59-CTAAGCCTTGTGAAGGC
TGGTGG-39, which amplified a fragment that contained the
putative start site of XBrn3d. Primers were then designed external
to the predicted full-length coding sequence (59-GGCAGGCCC-
GCAAAAATGATG-39 and 59-GAGTTCAAAACAGTGCTTTG-
39), and full-length copies of XBrn3d cDNA were amplified using a
mix of Taq and Pfu polymerases at 45°C for 37 cycles. DNA was
isolated from an agarose gel, cloned into a TA vector (Invitrogen),
and sequenced at the University of Utah core sequencing facility.
In vitro translation from both the XBrn3d cDNA and the mRNA
showed a protein of the expected size in a TnT Coupled Reticulo-
cyte Lysate System (Promega).
Hirsch and Harris had previously identified a fragment of XBrn3a
which coded for the POU homeodomains and the 39UTR (Hirsch
and Harris, 1997). A heminested 59 RACE reaction using the
Clontech Marathon RACE kit was run to isolate the 59 sequence of
this gene. The primers used were 59-CAGTGGTAGGTGAACA-
GTAGCTGAGTG-39 and 59-GGAAACCAGTGAAGGATGTGC-
GTG-39.
In Situ Hybridization
Whole-mount in situ hybridization analysis was performed with
igoxigenin (DIG)-labeled antisense RNA probes as previously
escribed and stained with BMPurple (Harland, 1991). For analysis
f XBrn3d expression, antisense probe was made from the original
98-bp fragment of XBrn3d. Double in situ hybridization was
performed as previously described (Perron et al., 1998) using
DIG-labeled XBrn3d probe (Ambion MAXIscript) and fluorescein-
labeled Xath5 probe (Boehringer Mannheim) on 14-mm paraffin
sections from stage 41 embryos. The DIG-labeled XBrn3d probe
was stained with BMPurple (Boehringer Mannheim), while Xath5
was stained with Fast red (Boehringer Mannheim).
Generation of Hormone-Inducible Constructs
To design a Xath5-hGR construct, we used overlap extension
PCR (Ho et al., 1989) using Xath5a in pCS21 (Kanekar et al., 1997)
s of reproduction in any form reserved.
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329Regulation of XBrn3d by Xath5 and XNeuroDFIG. 1. Alignment and phylogenic analysis of XBrn3d with other members of the Brn3 gene family. (A) The full-length coding sequence
f XBrn3d (Genbank Accession No. AF184979) and partial coding sequence of XBrn3a (Genbank Accession No. AF196575) were aligned
ith other class IV POU-homeodomain proteins using Clustal and hand alignment. Amino acids identical to XBrn3d are shaded in black.
nderlined regions represent the POU-IV Box, the POU-S, the linker, and the POU-H domains. (B) Phylogenetic analysis of the Brn3 gene
amily members using maximum parsimony criteria and a branch and bound search. I-POU was used as an outgroup (left). Conservation
f amino acids within the POU-IV Box, POU-S, linker region, and POU-H domains relative to XBrn3d (right).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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330 Hutcheson and VetterFIG. 2. Developmental expression pattern of XBrn3d. Whole-mount in situ hybridization was performed on Xenopus embryos using a
IG-labeled XBrn3d probe. (A) Expression commences at neurula stages in the trigeminal placodes (arrowhead) and a stripe of primary
eurons along the midline. (B) At stage 26–27, XBrn3d is first detected in the neural retina (arrow). Expression is also seen in the olfactory
lacode (right of the retina) and cranial ganglia (left of the retina). (C) At stage 29, XBrn3d is expressed in the optic tectum (arrowhead) and
he spinal cord. (D) At stage 40, cross sections in paraffin-embedded embryos reveal strong retinal staining restricted to the retinal ganglion
ell layer and ciliary marginal zone (arrow) as well as the entire dorsal half of the neural tube at the level of the optic tectum (top, middle).
he pigment epithelial layer surrounds the neural retina (arrowhead) and is not labeled. (E, F) At stage 35, staining is strong in a region of
he developing optic vesicle and dorsal neural tube at the level of the hindbrain and spinal cord, respectively.
IG. 3. Expression of XBrn3d and Xath5 overlaps in the ciliary marginal zone of the Xenopus retina. Double in situ hybridization was
erformed on stage 41 embryos using an antisense DIG probe (XBrn3d) and an antisense fluorescein probe (Xath5). (A) Schematic showing
cross section of the Xenopus retina. The retinal pigment epithelium is shown as a thick line. The retinal ganglion cell layer (RGC) is
closest to the lens (L), while the photoreceptor layer (ONL) borders the pigment epithelium and the inner nuclear layer (INL) is between.
The ciliary marginal zone (CMZ) is the region of continued proliferation, in which the central CMZ is the portion closest to the
differentiated retinal layers. (B) XBrn3d expression is restricted to the retinal ganglion cell layer and the central CMZ. (C) The composite
image of both the Xath5 and the XBrn3d staining shows double-labeled cells. (D) Xath5 is expressed in the CMZ. Double-labeled cells are
indicated with brackets (B, D).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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331Regulation of XBrn3d by Xath5 and XNeuroDand MyoDhGR (Hollenberg et al., 1993) as templates for the
reactions. The primers 59-TCGCCATGGACATGAAGTCAGA-
TTCACCAG-39 and 59-ATTTTCAGAGGCAGGCCTGTGAGA-
AAAAGTCTGGGG-39 were used to amplify Xath5 (sequence in
old) with an hGR sequence tail (underlined). The primers
9-TTTTCTCACAGGCCTCACCTCTGAAAATCCTGGT-39 and
59-GGGCCACATCTAGACTACTTTTGATGAAACAGAAG-39
were used to amplify hGR (underlined) with a Xath5 tail (bold). The
tails created by the primers allowed products of these two PCR
reactions to anneal, creating a hybrid template that can be extended
by the polymerase to create a full-length recombinant product. In a
secondary PCR reaction, the external primers were used to amplify
this Xath5hGR fusion construct. The amplified product was di-
gested with NcoI and Xba1 (sites designed into primers) and ligated
into CS21MT (Turner and Weintraub, 1994). The XNeuroD-hGR-
CS21MT construct was created by amplifying Cla1 sites onto the
9 and 59 ends of hGR [from MyoDhGR, (Hollenberg et al., 1993)]
ith the following primers (59-CGCTGATGATCGATGCTAT-
GGCCTCTGAAAATCCTGGTAAC-39 and 59-GGTCATTG-
ATCGATCCCACTTTTGATGAAACAGAAG-39, Cla1 sites un-
derlined) and ligating this into a XNeuroD CS21MT vector (Lee et
al., 1995) at the Cla1 site.
Microinjection of mRNAs
All RNA injections were performed as previously described
(Kanekar et al., 1997) using the following amounts of capped RNA:
or two-cell injections, b-gal (50 pg) was coinjected with Xath5-
GR (1 ng), XNeuroD-hGR (1 ng), or XBrn3d (40 pg). For 16-cell
njections, XBrn3d (10 pg) and eGFP (200 pg; Clontech) were
oinjected into dorsal animal blastomeres. Animal cap assays used
ng of either Xath5-hGR or XNeuroD-hGR injected at the one-cell
tage.
Animal Caps
Animal caps were cut with a 400-mm tip on the Gastromaster
icrosurgery machine (Xenotek Engineering). Incubations were
arried out as in Gammill and Sive (1997) except that total
ycloheximide incubation time was reduced to 3 h and induction of
aps was performed shortly after caps were cut, prior to healing.
otal RNA was extracted with the RNeasy kit (Qiagen) and
rst-strand cDNA was made using Superscript II-RT (GIBCO-BRL).
o detect XBrn3d, RT-PCR was performed using primers specific to
he 39UTR for 38 cycles with a 60°C annealing temperature. EF1a
primers were run for 25 cycles as a positive control. By stopping
EF1a reactions at 25 cycles, relative concentrations of cDNAs were
determined and subsequent reactions were adjusted to normalize
cDNA across all conditions. Translational inhibition was assayed
as in Gammill and Sive (1997) with a 30-min preincubation in
cycloheximide.
RESULTS
Cloning of XBrn3d
To identify members of the Brn3 gene family in Xenopus,
degenerate primers were designed against the POU Class IV
domain and the POU homeodomain based upon an align-
ment of murine Brn3a, Brn3b, and Brn3c. Using these
primers, nested PCR using a stage 42 Xenopus cDNA
Copyright © 2001 by Academic Press. All rightibrary as a template was performed to isolate a 498-bp
ragment which was then subcloned and named XBrn3d.
equencing and a BLAST search confirmed this fragment to
e a Xenopus Brn3 gene. 39 and 59 RACE reactions (Clon-
ech Marathon) were used to isolate the remaining coding
equence and 39 untranslated sequence. Primers encom-
assing the entire coding region of this gene were used to
mplify a full-length coding sequence (Fig. 1A). 59 RACE
as also used to isolate additional coding sequence from
he XBrn3a gene, of which the POU homeodomain had been
reviously cloned (Hirsch and Harris, 1997). All but the first
0 predicted nucleotides were obtained. BLAST and pair-
ise alignment confirmed that this gene is the Xenopus
omologue to mBrn3a.
Within the conserved domains, XBrn3d showed greater
han 84% amino acid identity to all identified Brn3 genes
nd 73% amino acid identity to an independent member of
he POU class IV gene family, I-POU (Fig. 1B). A phyloge-
etic analysis was performed to determine the relationship
f XBrn3d to other already characterized Brn3 genes. A
aximum parsimony tree was generated with PAUP* ver-
ion 4.0b using the alignment shown in Fig. 1A. The
resulting tree (Fig. 1B) shows that XBrn3d exhibits the
closest homology to cBrn3c, the only full-length member of
the Brn3 gene family currently identified in chick (Artinger
et al., 1998; Lindeberg et al., 1997). This analysis also
suggests that XBrn3d and cBrn3c define a novel branch of
the Brn3 gene family and may not be strict homologues of
any of the murine Brn3 genes. XBrn3a, however, appears to
be a close homologue of mBrn3a.
Embryonic Expression of XBrn3d
XBrn3d expression was analyzed by in situ hybridization
on both whole mount and sections using a digoxigenin-
labeled antisense RNA probe. The earliest expression was
observed at stage 16 in two stripes within the neural plate
and in the presumptive trigeminal placodes (arrowhead) in
the anterior portion of the embryo (Fig. 2A). At early tailbud
stages (stage 26–31), XBrn3d was expressed in the spinal
cord, the optic vesicle, the olfactory placode, the optic
tectum, and a number of cranial ganglia (Figs. 2B and 2C).
This included the trigeminal (cgV), facial (cgVII), glossopha-
ryngeal (cg IX), and vagal (cg X) ganglia. Staining was
maintained in the optic tectum (Fig. 2D), cgV, and the otic
vesicle (Fig. 2E) through stage 40. By stage 36, however,
expression in the other ganglia and spinal cord had disap-
peared. Within the neural tube, staining encompassed the
entire dorsal half in the region of the developing optic
tectum and was also found in the dorsal-most portion of the
spinal cord (Figs. 2D and 2F).
Expression of XBrn3d in the neural retina was first
detectable in whole mounts at stage 26–27 (Fig. 2B, arrow)
and by stage 29 XBrn3d was strongly expressed in the eye
(Fig. 2C). Sectioned retinas at stage 34 and stage 41 showed
that XBrn3d is expressed throughout the retinal ganglion
cell layer and into the ciliary marginal zone (CMZ), but was
s of reproduction in any form reserved.
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332 Hutcheson and Vetterabsent from the inner nuclear and outer nuclear layers (Fig.
2D, arrow; Fig. 3B). The CMZ is a region of ongoing
neurogenesis at the peripheral margins of the Xenopus
retina. Within the CMZ there is a peripheral to central
gradient of retinal cell differentiation with undifferentiated
stem cells located most peripherally and differentiating
progenitors more centrally located (Straznicky and Gaze,
1971). This is reflected by sequential activation of gene
expression from the peripheral to the central region of the
CMZ (Perron et al., 1998). Within the CMZ, XBrn3d expres-
sion was widespread in the more central region, which
corresponds to postmitotic neurons that have just been
born and are beginning to differentiate. In the central retina,
where the retinal neurons are fully differentiated, XBrn3d
expression is restricted to the retinal ganglion cell layer
(Figs. 2D and 3B). The pattern of XBrn3d expression is
reminiscent of that of mBrn3b, suggesting a role as an
important differentiation factor for retinal ganglion cells in
the developing frog retina.
Xath5 and XBrn3d Expression Overlaps
in the CMZ of the Retina
Since XBrn3d is expressed in differentiating retinal gan-
glion cells, we were interested in understanding how its
expression is regulated during retinal development. Xath5
promotes the retinal ganglion cell fate when overexpressed
and may do so by upregulating the expression of ganglion
cell-specific genes, such as XBrn3d. For such coupling to
exist, these two genes would need to show some temporal
and spatial overlap of expression during development. To
determine whether this is the case, we compared the
FIG. 4. Xath5 can directly activate expression of XBrn3d. (A) Th
used to the C-terminal end of Xath5 as indicated. (B) Neural pla
expression of N-tubulin following injection with Xath5hGR and b
presence (1) of dexamethasone (DEX). Dorsal is at the top and inje
the three stripes of primary neurons formed in each half of the emb
the absence of the dexamethasone hormone (left), but produced
transcriptional activity of this fusion protein is tightly regulated
Xath5hGR. 1/2 indicates the presence or absence of dexamethas
activates the hGR fusion protein. CHX was added 30 min prior to D
of Xath5. Stage 35 cDNA from a whole embryo was used as a pos
ositive control for cDNA quality and to normalize across cDNAs.
mplification of a XBrn3d band in the 1DEX 1CHX lanes.
IG. 5. XNeuroD can directly activate expression of XBrn3d. (A) T
used to the N-terminus of XNeuroD as indicated. (B) Neural pla
xpression of N-tubulin following injection with XNeuroDhGR an
or presence (1) of dexamethasone (DEX). Dorsal is at the top and inj
the three stripes of primary neurons formed in each half of the emb
in the absence of the dexamethasone hormone (left), but produce
transcriptional activity of this fusion protein is tightly regulated
XNeuroDhGR. 1/2 indicates the presence or absence of dexameth
activates the hGR fusion protein. CHX inhibits protein synthesis, li
a whole embryo was used as a positive control for both XBrn3d
ndicated by the amplification of a XBrn3d band in the 1DEX 1CHX l
Copyright © 2001 by Academic Press. All rightxpression of XBrn3d and Xath5 in the CMZ of the retina at
tage 41 using double in situ hybridization on sections (Figs.
B and 3D). XBrn3d RNA was detected in the most central
egion of the CMZ and in the retinal ganglion cell layer (Fig.
B), while Xath5 RNA was restricted to the CMZ, as
reviously reported (Kanekar et al., 1997; Fig. 3D). The two
atterns of expression and the composite image clearly
how cells expressing both Xath5 and XBrn3d (brackets,
igs. 3B and 3D; Fig. 3C). Thus, XBrn3d expression overlaps
hat of Xath5 in a subset of retinal precursors in the CMZ,
upporting the hypothesis that Xath5 and XBrn3d expres-
ion may be coupled during retinal development.
Xath5 Can Directly Regulate the Expression
of XBrn3d
To determine whether the expression of XBrn3d can be
regulated by Xath5, we employed a strategy using hormone-
inducible fusion proteins. The coding region of Xath5 was
fused to the hormone-binding domain of the human glu-
cocorticoid receptor to create the Xath5hGR hormone-
inducible fusion protein (Fig. 4A). Numerous studies have
shown that the resulting protein from such a fusion con-
struct will form a complex in the cytoplasm with heat-
shock proteins and will remain transcriptionally inactive
until the appropriate hormone becomes available (Mattioni
et al., 1994; Picard, 1994). In this case, an analog of the
glucocorticoid hormone, dexamethasone (DEX), was used
to activate the fusion proteins.
The Xath5hGR construct was tested to determine
whether it was inactive in the absence of hormone and
inducible upon addition of hormone. Xath5hGR RNA was
rmone-binding domain of the human glucocorticoid receptor was
age embryos analyzed by whole-mount in situ hybridization for
RNAs at the two-cell stage and incubation in the absence (2) or
sides are on the right in each of the embryos. Arrowheads indicate
. Xath5hGR had no effect on the initial pattern of neurogenesis in
pic neurogenesis in the presence of DEX (right), indicating that
the presence of DEX. (C) RT-PCR of animal caps injected with
nd cycloheximide (CHX) during incubation of animal caps. DEX
o inhibit protein synthesis, limiting transcription to direct targets
control for both XBrn3d and EF1a. EF1a primers were used as a
5 can directly induce the expression of XBrn3d as indicated by the
ormone-binding domain of the human glucocorticoid receptor was
age embryos analyzed by whole-mount in situ hybridization for
al mRNAs at the two-cell stage and incubation in the absence (2)
sides are on the right in each of the embryos. Arrowheads indicate
XNeuroDhGR had no effect on the initial pattern of neurogenesis
opic neurogenesis (right) in the presence of DEX, indicating that
the presence of DEX. (C) RT-PCR of animal caps injected with
and cycloheximide (CHX) during incubation of animal caps. DEX
ng transcription to direct targets of XNeuroD. Stage 35 cDNA from
EF1a. XNeuroD can directly induce the expression of XBrn3d ase ho
te st
-gal m
cted
ryos
ecto
by
one a
EX t
itive
Xath
he h
te st
d b-g
ected
ryos.
d ect
by
asone
miti
andanes.
s of reproduction in any form reserved.
333Regulation of XBrn3d by Xath5 and XNeuroD
D
fi
s
s
(
o
o
c
m
O
w
D
isrup
334 Hutcheson and Vetterinjected at the two-cell stage along with b-galactosidase
RNA as a marker, and embryos were grown in a salt
solution (MMR) that either did or did not contain 10 mm
EX. At the open neural plate stage, injected embryos were
xed and in situ hybridization was performed with a neural
pecific probe, antisense N-tubulin, which labels three
tripes of primary neurons at open neural plate stages
arrowheads, Fig. 4B). Xath5hGR did not affect the pattern
f neurogenesis when embryos were cultured in the absence
f hormone. However, when DEX was present, Xath5hGR
onverted large portions of ectoderm to a neuronal fate,
uch like Xath5 (Kanekar et al., 1997; Fig. 4B). Incubations
with DEX as short as 4 h were sufficient to induce ectopic
neurogenesis. This indicates that this fusion protein pro-
vides tight temporal control over the transcriptional activ-
ity of Xath5.
Using an approach similar to that of Gammill and Sive
(1997), we set about to determine whether expression of
XBrn3d could be controlled by the transcriptional activity
of Xath5. Embryos were injected with Xath5hGR RNA at
the one-cell stage and grown to blastula stages. At this
point, animal caps were cut and incubated in the presence
or absence of DEX. Additionally each of these two groups
was further divided into those incubated with cyclohexi-
mide (CHX) or without CHX. CHX is an inhibitor of protein
synthesis and its presence prevents the activation of indi-
rect targets that are multiple steps removed from the
transcriptional activity of Xath5. After 3 h of incubation,
caps were homogenized, total RNA was isolated, and first-
strand cDNA was made using a reverse transcriptase reac-
tion. The cDNAs obtained were used as template in a PCR
reaction using XBrn3d primers directed against the 39UTR
FIG. 6. Overexpression analysis of XBrn3d. Embryos were injecte
16–17 or stage 28–32 by whole-mount in situ hybridization. b
verexpression of XBrn3d causes loss of N-tubulin expression on
hich marks Rohon–Beard cells, was also reduced at stage 17, indic
) At tailbud stages, ectopic N-tubulin positive neurons are seen o
marker Xhox11L2 at stage 32. Ectopic neurons are seen on the inje
neurons are sensory in nature. Staining in cranial ganglia is also dto detect the presence of XBrn3d RNA transcripts in the
Copyright © 2001 by Academic Press. All rightcaps. XBrn3d was not detected in caps in which Xath5 was
inactive (Fig. 4C, 2DEX 1/2 CHX lanes) but was present
when DEX was added (Fig. 4C, 1DEX 2CHX lanes). Fur-
thermore, in the absence of protein synthesis (Fig. 4C,
1DEX 1CHX lanes) Xath5 was still able to induce the
expression of XBrn3d. This demonstrates that XBrn3d ex-
pression can be directly induced by Xath5. Translational
inhibition was assayed as in Gammill and Sive (1997) and
was found to be reduced by more than 90% with a 30-min
preincubation in cycloheximide (data not shown). As an
additional control, an identical experiment was performed
using a construct containing only the hGR domain. XBrn3d
failed to amplify in all cases demonstrating that the induc-
tion of XBrn3d was due to the activity of Xath5 (data not
shown).
XNeuroD Can Directly Regulate the Expression
of XBrn3d
During tailbud stages, XBrn3d is strongly expressed in a
number of cranial ganglia (Figs. 2B and 2C); however, since
Xath5 is not expressed in these tissues some other factor
may regulate the expression of XBrn3d. A likely candidate
is XNeuroD, which has been shown to be expressed in all
cranial ganglia (Lee et al., 1995). Using the same approach
used to investigate the relationship between Xath5 and
XBrn3d, we created a construct encoding a XNeuroDhGR
fusion protein as indicated (Fig. 5A). By injecting RNA at
the two-cell stage and performing whole-mount in situ
hybridization at the open neural plate stage with a probe for
N-tubulin, it was found that XNeuroDhGR only promoted
ectopic neurogenesis when induced with DEX (Fig. 5B).
the two-cell stage with mRNA for XBrn3d, then analyzed at stage
was coinjected to mark the injected side of the embryo. (A)
injected side (area under left arrowhead). (B) Expression of XamL,
g a loss of primary sensory neurons (area under left arrowhead). (C,
injected side. (E, F) In situ hybridization with the sensory ganglia
side of the embryo, indicating that at least some of these ectopic
ted. The sky blue staining in E and F is nonspecific background.d at
-Gal
the
atin
n the
ctedThis demonstrated that the transcriptional activity
s of reproduction in any form reserved.
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335Regulation of XBrn3d by Xath5 and XNeuroDof XNeuroDhGR is also tightly inducible in a hor-
mone-dependent manner. When RT-PCR was performed
using RNA isolated from animal caps derived from
XNeuroDhGR-injected embryos, XBrn3d was only detected
in the 1DEX conditions, indicating that XNeuroD is able to
nduce expression of XBrn3d (Fig. 5C). Furthermore, XBrn3d
as also expressed in the absence of protein synthesis in the
DEX 1CHX condition, indicating that similar to Xath5,
NeuroD is able to directly regulate the expression of
Brn3d. No consistent quantitative differences in expres-
ion of XBrn3d transcripts were observed between the
DEX 1CHX and 1DEX 2CHX RNAs.
XBrn3d Overexpression
XBrn3d is expressed in many parts of the developing
nervous system, particularly in sensory tissues, and may
play a role in regulating the development of these popula-
tions of neurons. To begin to assess potential functions of
XBrn3d in nervous system development, XBrn3d RNA
injections were performed at the two-cell stage. Following
injection, embryos were analyzed by whole-mount in situ
ybridization for the expression of various neuronal mark-
rs. XBrn3d-injected embryos analyzed between stages 14
nd 17 showed a loss of expression of the general neuronal
arker N-tubulin on the injected side of the embryo (15/18
mbryos, Fig. 6A, arrowheads). In these embryos, loss of
-tubulin was not restricted to any of the three stripes of
rimary neurons. Expression of XamL, a Rohon–Beard spe-
ific marker, was also reduced at these stages (25/31 em-
ryos, Fig. 6B, arrowheads), as was the neural crest marker
lug (data not shown). At tailbud stages (stage 28), however,
ctopic N-tubulin expression was found scattered through-
ut the ectoderm on the injected side of the embryo (Figs.
C and 6D). In situ hybridization analysis with XHox11L2,
marker of cranial sensory ganglia, showed similar ectopic
xpression at stage 32 (11/11 embryos, Figs. 6E and 6F) as
ell as disorganized expression within the cranial ganglia,
uggesting that at least some of the ectopic neurons were
ensory in nature.
To determine if XBrn3d was sufficient to bias retinal
rogenitors to adopt the retinal ganglion cell fate, 16-cell
NA injections were performed in which XBrn3d and GFP
ere coinjected into a dorsal animal blastomere fated to
ive rise to retinal progenitors (Moody, 1987). Embryos
ere collected at stage 41, cryostat sectioned, and labeled
ell types scored based upon laminar position and morphol-
gy. There was a small but insignificant increase (P . 0.01)
n the proportion of GFP-positive retinal ganglion cells
elative to GFP control injections. In XBrn3d-injected em-
ryos, GFP-positive retinal ganglion cells accounted for
2.8 6 3.5% of all GFP positive retinal cells (n 5 2952 in
ine retinas). In control retinas, GFP-positive retinal gan-
lion cells accounted for 17.5 6 2.0% of GFP positive
etinal cells (n 5 1849 in four retinas). The difference
etween these two values was not statistically significant
P 5 0.019 in a two-tailed Student t test). Overall, these
Copyright © 2001 by Academic Press. All rightesults suggest that XBrn3d overexpression can influence
ervous system development and may play a role in sensory
euron differentiation, but is not sufficient to promote the
etinal ganglion cell fate in vivo.
DISCUSSION
XBrn3d Represents a Novel Member of the Brn3
Gene Family and Defines a New Subgroup
We have identified a new member of the POU-
homeodomain, class IV Brn3 gene family, XBrn3d, which is
widely expressed in developing sensory tissues in Xenopus
laevis. To date, all Brn3 genes have been classified as Brn3a,
Brn3b, or Brn3c, based on amino acid composition or
expression pattern. The only full-length, nonmammalian
gene previously cloned was originally identified in chick as
cBrn3a (Lindeberg et al., 1997). Subsequently, this gene was
eclassified as cBrn3c because its expression pattern more
losely resembled that of mBrn3c, and another partial chick
DNA more homologous to mBrn3a was isolated (Artinger
t al., 1998). Phylogenetic analysis with branch and bound
aximum parsimony criteria, however, suggests cBrn3c
nd XBrn3d are not strict homologues of any one of the
ouse Brn3 genes. Instead, they represent a fourth, novel
ranch of the Brn3 gene family. One possible explanation is
hat Brn3a was the ancestral Brn3 gene present in all
ertebrates, but that the modern evolution of this gene
amily did not occur until after the mammalian, amphibian,
nd avian lineages had already diverged.
It has been suggested that mBrn3b, the first Brn3 gene to
e expressed in the mouse retina, serves as a key differen-
iation factor for developing retinal ganglion cells in mice
ince disruption of this gene results in the ultimate loss of
pproximately 70% of all retinal ganglion cells (Gan et al.,
999; Xiang, 1998). As the first Brn3 gene to be expressed in
he chick retina, cBrn3c (as defined by Artinger et al., 1998)
as been suggested to be functionally equivalent to mBrn3b
ith regards to retinal development (Liu et al., 2000).
imilarly, based upon its early retinal expression, we would
uggest that XBrn3d is a functional homologue of both
Brn3b and cBrn3c and plays a key role in the differentia-
ion of retinal ganglion cells in Xenopus.
XBrn3a represents the only other identified Xenopus Brn3
gene. While the expression patterns of XBrn3d and XBrn3a
show considerable overlap, there are several differences.
First, XBrn3d expression in the retina commences earlier in
retinogenesis than expression of XBrn3a. Retinal ganglion
cells are first born at stage 24–25 (Holt et al., 1988) and
XBrn3d is visible in the developing retina at stage 26.
However, Hirsch and Harris have shown that XBrn3a is not
expressed until stage 33, a point at which the majority of
retinal ganglion cell genesis is complete (Hirsch and Harris,
1997). Furthermore, XBrn3d is expressed in neurons in the
CMZ which are still migrating to the retinal ganglion cell
layer, whereas XBrn3a is not expressed until cells have
s of reproduction in any form reserved.
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336 Hutcheson and Vetterreached the retinal ganglion cell layer (Hirsch and Harris,
1997).
In addition to the retina, XBrn3d and XBrn3a exhibit
different patterns of expression in the developing neural
tube, specifically in the regions of the optic tectum and the
spinal cord. Hirsch and Harris (1997) showed that expres-
sion of XBrn3a was absent from the ventricular zone and
dorsal regions of the developing optic tectum. In contrast,
XBrn3d is expressed throughout the entire dorsal half of the
optic tectum. In the spinal cord, XBrn3a is found in a subset
of interneurons, whereas XBrn3d is found in a subset of
presumptive sensory neurons in the dorsal region of the
spinal cord. This differential expression suggests that
XBrn3a and XBrn3d could have potentially distinct roles in
the development of these tissues. Since Liu et al. (2000)
have evidence that several Brn3 genes have redundant
functional properties, it will be interesting to determine
whether these two genes do possess different capabilities or
whether any functional differences in vivo are due to their
divergent expression patterns.
The bHLH Factor Xath5 Can Couple to Vertebrate
Retinal Differentiation Factors
Overexpression studies in Xenopus have shown that
ath5 is able to bias retinal progenitors to adopt the retinal
anglion cell fate (Kanekar et al., 1997). If bHLH factors are
oupled to cell-type-specific differentiation factors, we
ould expect to find a regulatory link between Xath5 and a
utative retinal ganglion cell-specific factor such as
Brn3d. We have shown that expression of XBrn3d can be
nduced in animal caps by activation of Xath5, suggesting
hat XBrn3d is a transcriptional target of Xath5. Further-
ore, since expression of XBrn3d can be induced in the
bsence of protein synthesis, it suggests that this regulatory
oupling is direct. While the XBrn3d promoter has not yet
een cloned, thus precluding transactivation studies, our
esults imply that bHLH factors can couple to subtype-
pecific factors during development. One can envision a
odel where the direct coupling of Xath5 to subtype-
pecific factors is the mechanism by which Xath5 influ-
nces cell fate in retinal precursors. However, there are
ikely to be other elements which are necessary for, or
ontribute to, the promotion of the retinal ganglion cell
ate.
To determine whether XBrn3d is involved in the specifi-
ation of retinal ganglion cells, and whether the ability of
ath5 to promote retinal ganglion cell differentiation when
verexpressed depends upon the ability to regulate expres-
ion of XBrn3d, we performed 16-cell RNA injections tar-
eted to blastomeres that give rise to retinal precursor cells.
small but insignificant increase in the proportion of
etinal precursors that adopted the retinal ganglion cell fate
as seen, suggesting that in vivo, XBrn3d is not sufficient
to promote retinal ganglion cell differentiation. However,
in cultures of dissociated chick retinal precursors, overex-
pression of several different Brn3 genes was sufficient to
Copyright © 2001 by Academic Press. All rightromote the expression of Islet-1 and neurofilament 200,
wo genes expressed in retinal ganglion cells, leading the
uthors to suggest that Brn3 factors can drive retinal pro-
enitors to differentiate as ganglion cells (Liu et al., 2000).
he differences seen between our data and those of Liu et
l. (2000) likely reflect differences in experimental ap-
roach. Liu et al. (2000) overexpressed Brn3 genes in disso-
iated retinal cells and analyzed the expression of markers
s an indicator of cell fate. Our experiments were conducted
n vivo and relied upon morphology and laminar position in
he mature retina to make a determination of cell fate.
ogether these studies may indicate that Brn3 factors are
ot able to drive the entire program of retinal ganglion cell
ifferentiation, but that they can regulate the expression of
etinal ganglion cell-specific genes involved in later stages
f differentiation. It is also possible that XBrn3d does not
ossess the same functional properties as the other verte-
rate Brn3 genes used in the Liu et al. (2000) study. A direct
omparison using similar methods of analysis will be nec-
ssary to resolve this issue.
In the Brn3b knockout mouse, retinal ganglion cells are
orn, but are unable to mature and survive (Xiang et al.,
998). Similarly, in Brn3a and Brn3c knockout mice, red
ucleus and inner ear hair cells, respectively, are born,
igrate, and then die (McEvilly et al., 1996; Xiang et al.,
998). This suggests that, in general, Brn3 factors are not
irectly involved in neuronal specification. This leaves
pen the possibility that Xath5 influences the specification
f retinal progenitors through some as yet unidentified
athway, while concomitantly inducing the expression of
Brn3d for survival and maturation of retinal ganglion
ells. Furthermore, during retinal development it has been
roposed that progenitor cells change their competence to
espond to extrinsic cues and generate different classes of
etinal neurons over developmental time (Cepko et al.,
996). When overexpressed at later stages of retinal devel-
pment as later-born cell types are being generated, Xath5
o longer promotes retinal ganglion cell differentiation but
ather promotes the differentiation of later-born classes of
eurons (Moore and Vetter, manuscript in preparation).
herefore, Xath5 likely has the capacity to couple to
ultiple different downstream genes involved in the differ-
ntiation of different classes of neurons, and which gene
ath5 couples to likely depends upon the competence of
he progenitor cells at the time that Xath5 is expressed.
XBrn3d Can Influence Sensory Neuron
Development
Outside the retina, XBrn3d is expressed in multiple
tissues in which Xath5 is not expressed, including the
spinal cord, the optic tectum, and various cranial ganglia
(this study; Kanekar et al., 1997), which suggests that other
genes must be able to regulate the expression of XBrn3d.
Overexpression of X-NgnR1 in Xenopus embryos activates
expression of XNeuroD and promotes the formation of
neurons with properties of sensory neurons (Olson et al.,
s of reproduction in any form reserved.
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337Regulation of XBrn3d by Xath5 and XNeuroD1998; Perron et al., 1999). Thus, there is precedence sug-
gesting that XNeuroD participates in a genetic cascade
during the development of sensory neurons. We have
shown that expression of XBrn3d can be induced by
XNeuroD in animal caps. XNeuroD may therefore play a
role in regulating XBrn3d expression in vivo, particularly in
developing sensory cranial ganglia where XNeuroD is ex-
pressed. Since both XNeuroD and Xath5 can directly couple
to XBrn3d, some degree of promiscuity appears to reside in
the binding specificity of these bHLH factors. Therefore, as
of yet unidentified factors may also be important regulators
of XBrn3d expression, particularly in those tissues where
neither Xath5 nor XNeuroD is expressed. During sensory
neuron development then, specific bHLH factors may regu-
late the expression of Brn3 factors, promoting the differen-
tiation of different classes of sensory neurons.
Overexpression of XBrn3d was carried out to address the
function of XBrn3d and its possible roles in sensory neuron
development. We found that XBrn3d misexpression re-
sulted in a loss of neurons during primary neurogenesis, at
least some of which were Rohon–Beard cells. At the same
time, expression of the neural crest marker Slug was also
reduced. However, by tailbud stages, ectopic neurons exhib-
iting sensory characteristics were found in injected em-
bryos. It seems then that at earlier stages of development,
XBrn3d can inhibit sensory neuron differentiation, whereas
at later stages, XBrn3d is able to promote the expression of
ectopic sensory neuronal markers. The mechanism by
which it has these effects is unclear. The loss of Rohon–
Beard cells seen during neural plate stages suggests that
XBrn3d is not promoting sensory development by directing
ectoderm or other tissues to switch fates in a classic
proneural sense.
Additional explanations in which overexpression of
XBrn3d has no direct effect on the specification of sensory
neurons are possible. For instance, the overexpression of
XBrn3d could cause a delay in the differentiation of precur-
sors that give rise to sensory neurons, such that when
differentiation does occur, the progenitor pool will have
been expanded, resulting in generation of ectopic sensory
neurons. Alternatively, as other Brn3 factors have been
shown to be necessary for the survival of sensory popula-
tions (Huang et al., 1999), the ectopic neurons could be a
esult of increased survival mediated by XBrn3d. A third
xplanation for the presence of ectopic neurons is that
Brn3d somehow interferes with the normal migration of
eural crest and differentiating sensory neurons. McEvilly
t al. (1996) have shown that in the Brn3a loss-of-function
ouse, the nucleus ambiguous compact formation neurons
ail to migrate to the correct position in the hindbrain. The
ctopic neurons seen throughout the body of XBrn3d over-
xpressing embryos could represent neural crest cells that
ere unable to migrate to the appropriate position. Finally,
t is possible that XBrn3d is able to upregulate the expres-
ion of sensory neural markers in competent cells without
ully changing the identity of the cells. In summary, over-
xpression of XBrn3d can perturb sensory neuron develop-
Copyright © 2001 by Academic Press. All rightent. The mechanisms underlying these effects, and
hether they reflect the normal in vivo function of XBrn3d,
s unclear.
In conclusion, we suggest that XBrn3d is involved in the
evelopment of various subsets of sensory neurons. In
ddition, our data support a model in which bHLH factors
xert effects on cell identity in part by directly coupling to
actors that are necessary for the differentiation of a par-
icular cell type. However, in light of the ability of multiple
HLH factors to regulate the expression of XBrn3d, the
resence of inhibitory elements, the timing of expression,
nd the responsiveness of remaining cells likely all play an
mportant role in determining the in vivo function a given
HLH factor plays in development.
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